Aconitine (ACO), a highly toxic diterpenoid alkaloid, is recognized to have effects on cardiac voltage-gated Na 1 channels. However, it remains unknown whether it has any effects on K 1 currents. The effects of ACO on ion currents in differentiated clonal cardiac (H9c2) cells and in cultured neonatal rat ventricular myocytes were investigated in this study. In H9c2 cells, ACO suppressed ultrarapid-delayed rectifier K 1 current (I Kur ) in a time-and concentration-dependent fashion. The IC 50 value for ACO-induced inhibition of I Kur was 1.4mM. ACO could accelerate the inactivation of I Kur with no change in the activation time constant of this current. Steady-state inactivation curve of I Kur during exposure to ACO could be demonstrated. Recovery from block by ACO was fitted by a single-exponential function. The inhibition of I Kur by ACO could still be observed in H9c2 cells preincubated with ruthenium red (30mM). Intracellular dialysis with ACO (30mM) had no effects on I Kur . I Kur elicited by simulated action potential (AP) waveforms was sensitive to block by ACO. Single-cell Ca 21 imaging revealed that ACO (10mM) alone did not affect intracellular Ca 21 in H9c2 cells. In cultured neonatal rat ventricular myocytes, ACO also blocked I Kur and prolonged AP along with appearance of early afterdepolarizations. Multielectrode recordings on neonatal rat ventricular tissues also suggested that ACO-induced electrocardiographic changes could be associated with inhibition of I Kur . This study provides the evidence that ACO can produce a depressant action on I Kur in cardiac myocytes.
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Aconitine (ACO) is an intensely poisonous alkaloid derived from plant species Aconitium (Pullela et al., 2008) . It is a proarrhythmic agent known to open tetrotodoxin-sensitive Na þ channels in the heart (Wang and Wang, 2003; Wright, 2002) . The persistent activation of Na þ channels caused by ACO arises from an inhibition of channel inactivation, thus leading to sustained Na þ influx (Kunze et al., 1985; Wang and Wang, 2003; Wright, 2002) . As a result, ACO can induce action potential (AP) prolongation and cardiac arrhythmias through activation of Na þ channels (Kunze et al., 1985) . However, more recent work has pointed out that this compound may display other actions in a mechanism unlinked to opening of Na þ channels. For example, a previous report showed that ACO can increase the motility of prostate cancer cells in a mechanism unlinked to opening of Na þ channels (Fraser et al., 2003) . ACO-containing herbal extracts have been also reported to exert an inhibition of proliferation in a variety of neoplastic cells (Chodoeva et al., 2005; Dasyukevich and Solyanik, 2007; Solyanik et al., 2004; Yan et al., 2007) and to have serious toxicity in rat embryos (Xiao et al., 2007) . ACO was also recently demonstrated to disrupt intracellular Ca 2þ homeostasis in isolated cardiac myocytes (Fu et al., 2004) and to induce seizure-like events in rat neocortical brain slices (Voss et al., 2008) . At our laboratory, we also reported that this compound can block delayed rectifier K þ current in differentiated NG108-15 neuronal cells (Lin et al., 2008) .
In the heart, delayed-rectifier K þ currents play a fundamental role in determining the duration of cardiac APs. In addition to the transient outward K þ currents, the ultrarapidly delayed rectifier K þ currents (I Kur ) in rat heart represent one of the major repolarizing currents. These currents in mouse heart can be separated into at least two different components, i.e., I K,slow1 (encoded by Kv1.5) and I K,slow2 (encoded by Kv2.1) (Zhou et al., 1998) . The inhibition of I Kur would also be expected to result in prolongation of AP duration and electrocardiographic QT interval. However, it remains unknown whether ACO can prolong cardiac AP and induce QT prolongation via an inhibition of I Kur .
The H9c2 cell line, which has been established from embryonic rat cardiac ventricle, possesses electrical properties similar to neonatal or developing heart cells (Ménard et al., 1999) . After undergoing differentiation, these cells can functionally express L-type Ca 2þ channels of cardiac and skeletal types and ATP-sensitive K þ channels (Ménard et al., 1999; Ranki et al., 2002; . As these cells possess a Kv2.1-type I Kur , the Kv2.1 (or KCNB1)-cloned K þ channel, which exhibits unique gating properties and voltage dependency, was thought to be an important contributor to I Kur described in H9c2 cells (Lo et al., 2005; Suzuki and Takimoto, 2004; Wang et al., 2002) . A previous report at our laboratory has demonstrated the ability of chromanol 293B, a blocker of the slowly activating K þ current, to inhibit I Kur in H9c2 cells in a state-dependent fashion (Lo et al., 2005) .
In this study, we attempted to investigate whether ACO has any effects on I Kur in differentiated H9c2 cells and to determine the mechanism through which this compound interacts with this current. The results clearly demonstrate that in H9c2 cells, ACO can produce a depressant action of I Kur in a concentrationand time-dependent manner. ACO also induced a prolongation of AP in cultured neonatal rat ventricular myocytes. The major action of this compound on I Kur presented here is thought to be primarily through an open-channel mechanism.
MATERIALS AND METHODS
Culture of heart-derived H9c2 cells. The H9c2 cell line, originally derived from embryonic rat ventricles, was obtained from the American Type Culture Collection ([CRL-1446] , Manassas, VA). Cells were grown in monolayer culture in 50-ml plastic culture flasks in a humidified atmosphere containing 5% CO 2 /95% air (vol/vol) at 37°C. Cells were maintained at a density of 10 6 /ml in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum and 2mM L-glutamine (Lo et al., 2005; Wang et al., 2006; . To prevent cells from undergoing transdifferentiation into skeletal myoblasts, differentiated H9c2 cells were incubated with all-trans retinoic acid (20nM) for 5-7 days (Ménard et al., 1999) . A colorimetric method was often used in examining cell densities in microtiter plates with a tetrazolium salt (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrasolio]-1,3-benzene disulfonate; WST) and an ELISA reader (Dynatech, Chantilly, VA). In a separate series of experiments, differentiated H9c2 cells were preincubated with ruthenium red (30lM) for 5 h before experiments were made.
Isolation and culture of neonatal rat ventricular myocytes. Cells were isolated from 1-to 2-day-old Sprague-Dawley rats by enzymatic digestion with 0.1% trypsin and 0.03% collagenase. After isolation, cells were plated onto laminin-coated 35-mm dishes at a density of 1 3 10 3 cells/mm 2 and cultured for 48 h in the medium of Dulbecco's modified Eagle's medium and Medium 199 (4:1) containing 10% fetal calf serum, 4mM L-glutamine, 100 units/ml penicillin/streptomycin, and 0.1mM 5-bromo-2-deoxyuridine. 5-Bromo-2-deoxyuridine was used to inhibit fibroblast proliferation. The animal experiments were conducted according to protocols that follow the National Institutes of Health standards and the guidelines for the Care and Use of Experimental Animals. The procedure was approved by the Animal Care and Use Committee of the National Cheng Kung University, Taiwan.
Intracellular Ca
2þ measurement in H9c2 cells. Cells were loaded with 3-lM fura-2/AM (Molecular Probes, Eugene, OR) for 45 min at room temperature. Changes in intracellular Ca 2þ were monitored with single-cell imaging using a TillvisION imaging system equipped with a Polychrome II high-speed monochromator (Till-Photonics, Martinried, Germany). Fura-2 was alternately excited by 340 and 380 nm light delivered from a xenon lamp via a 340, 1.3 NA UV fluor oil objective (Olympus, Tokyo, Japan). The fluorescent images were collected at 510 nm scale every 0.5 s by a Peltiercooled CCD camera. The ratio of fluorescence, R (340/380 nm), from individual cell was obtained with the aid of TILLvisION software 4.0 (Till-Photonics) (Wang et al., 2006) .
Whole-cell patch-clamp recordings. Cells used for experiments were dissociated, and an aliquot of cell suspension was transferred to a recording chamber mounted on the stage of an inverted DM-IL microscope (Leica Microsystems, Wetzlar, Germany). H9c2 cells or neonatal rat ventricular myocytes were bathed at room temperature (20-25°C) in normal Tyrode's solution containing 1.8mM CaCl 2 . Patch pipettes were pulled from Kimax-51 glass capillary tubes (Kimble Glass; Vineland, NJ) using a two-stage electrode puller (PP-830; Narishige, Tokyo, Japan), and the tips were fire polished with a microforge (MF-83; Narishige). The pipettes used had resistances of 3-5 MX when immersed in normal Tyrode's solution. Ion currents were measured in the whole-cell mode of the patch-clamp recordings with an RK-400 (Biologic, Claix, France) or an Axopatch 200B patch-clamp amplifier (Molecular Devices, Sunnyvale, CA) (Wang et al., 2006; The signals were displayed on an HM-507 oscilloscope (Hameg, East Meadow, NY) and on a Dell 2407WFP-HC LCD monitor (Round Rock, TX). The data were stored online in a Slimnote VX 3 computer (Lemel, Taipei, Taiwan) via a universal serial bus port at 10 kHz through a Digidata-1322A interface (Molecular Devices). This device was controlled by pCLAMP 9.0 software (Molecular Devices). Currents were low-pass filtered at 1 or 3 kHz. Ion currents recorded during whole-cell experiments were digitally stored and analyzed subsequently by use of pCLAMP 9.0, Origin 7.5 software (OriginLab, Northampton, MA) or custom-made macros in Microsoft Excel (Redmont, WA). The pCLAMP-generated voltage-step profiles were generally used to measure the current-voltage (I-V) relations for ion currents (e.g., I Kur ) in neonatal rat ventricular myocytes or in H9c2 cells. AP durations were measured at 90% of repolarization (APD 90 ).
The concentration-response data for inhibition of I Kur in differentiated H9c2 cells were fitted to the Hill equation:
where [C] is the concentration of ACO, IC 50 and n are the concentration required for a 50% inhibition and the Hill coefficient, respectively, and E max is maximal inhibition of I Kur induced by ACO. The steady-state inactivation curve of I Kur in the presence of ACO was plotted against the test potential V and fit to the Boltzman equation:
where V is the conditioning potential in mV, V 1/2 is the membrane potential for half-maximal inactivation, and k is the slope factor of inactivation curve for I Kur . The solver subroutine built in Excel (Microsoft) was used to fit the data by a least-squares minimization procedure.
Preparation of multielectrode dish recording system. One-to 2-day-old Sprague-Dawley rats were used for all the experiments. Transverse slices of ventricular tissue (200 lm thickness) were prepared with a vibrating tissue slicer (DTK-1000, Dosaka, Japan). Slices were immediately transferred to a holding chamber for equilibration at room temperature. The electrograms were recorded within 1 h after preparations were made.
The 64-channel multielectrode dish (MED64) system (Alpha MED Sciences, Tokyo, Japan), a two-dimensional cellular electroactivity monitoring technique based on the methods described by Huang et al. (2007) , was employed in this study. The MED-P530A probes (Alpha MED Sciences) with 200lM interpolar distance of electrodes, chamber depth of 10 mm and 64 planar microelectrodes in an 8 3 8 array, were used for spatial-temporal determination of spontaneous firing in neonatal rat ventricular tissue.
During multielectrode array recordings, ventricular tissue, on which a fine mesh net was put with adequate anchorage, was positioned on planar multielectrode array probe. http://toxsci.oxfordjournals.org/ crystal materials except for the electrodes, thereby allowing the localization of the electrodes in the slice under a microscope. The tissue was superfused with normal Tyrode's solution at room temperature at a flow rate of 2 ml/min. Measurements include R-R interval, R amplitude, and Q-T interval. The end of the T wave is measured as time when the repolarization process returns to the isoelectric point. The Q-Tc interval was calculated as the Q-T= ffiffiffiffiffiffiffiffi R-R p interval (seconds). The analysis was performed automatically by using custom-made macros in Excel (Microsoft).
Values obtained in this study were provided as means ± SEM with sample sizes (n) indicating the number of cells from which the data were taken, unless noted in multielectrode recordings. The paired or unpaired Student's t-test and ANOVA with the least significance difference method for multiple comparisons were used for the statistical evaluation of differences among means. Statistical significance was determined at a P value of <0.05.
Drugs and solutions. ACO (acetylbenzoylaconine, C 34 H 47 NO 11 ), collagenase, all-trans retinoic acid, and tetraethylammonium chloride were purchased from Sigma Chemical Co. (St Louis, MO), and ruthenium red and pinacidil were from Sigma/RBI (Natick, MA). Dendrotoxin was obtained from Calbiochem (La Jolla, CA), fura-2 acetoxymethyl ester (fura-2/AM) was from Molecular Probes (Eugene, OR), and tetrodotoxin was from Alomone Labs (Jerusalem, Israel). Tissue culture media, trypsin/EDTA, L-glutamine, penicillin-streptomycin, and fungizone were purchased from Life Technologies (Grand Island, NY).
The composition of normal Tyrode's solution was 136.5mM NaCl, 5.4mM KCl, 1.8mM CaCl 2 , 0.53mM MgCl 2 , 5.5mM glucose, and 5.5mM HEPESNaOH buffer, pH 7.4. To record I Kur or membrane potential, the patch pipette was filled with a solution consisting of 140mM KCl, 1mM MgCl 2 , 3mM Na 2 ATP, 0.1mM Na 2 GTP, 0.1mM EGTA, and 5mM HEPES-KOH buffer, pH 7.2. To measure Na þ current (I Na ), K þ ions inside the pipette solution were replaced with equimolar Cs þ ions, and the pH was adjusted to 7.2 with CsOH.
In some experiments on intracellular perfusion with ACO, the recording pipettes were filled with 30lM ACO.
Mathematical modeling. To investigate the effect of ACO on I Kur in response to simulated AP waveform of rat ventricular myocytes, a basic cell model which mimics electrical behavior of rat ventricular myocytes (Bondarenko et al., 2004; was implemented. Observations made with this model have been demonstrated to correlate with results of cellular electrophysiology (Bondarenko et al., 2004) . Source file related to this modeled cell is available online at http://senselab.med.yale.edu/senselab/ modeldb. Simulations were implemented using the program xpp with the aid of the X-Win32 version of XPPAUT on a Hewlett Packard (HP xw9300) Workstation (Palo Alto, CA) . Simulated APs used as voltage templates were replayed to H9c2 cells through a digital-analogue converter built in Digidata-1322A interface (Lo et al., 2001; Wu et al., 2007) .
RESULTS

Effect of ACO on Ultrarapid Delayed Rectifier K
þ Current (I Kur) ) in Differentiated H9c2 Cells The whole-cell configuration of the patch-clamp technique was used to evaluate the effect of ACO on ion currents in H9c2 cells preincubated with retinoic acid (20nM). To record K þ outward currents and to remove voltage-gated inward currents, cells were bathed in Ca 2þ -free Tyrode's solution containing tetrodotoxin (1lM) and CdCl 2 (0.5mM). When the cell was held at À 50 mV and depolarizing voltage pulses from À 50 to þ 50 mV in 10-mV increments were applied with a duration of 1 s, a family of rapidly activating outward currents with a slow inactivation was elicited (Figure 1 ). This population of K þ outward currents, which resembles the Kv2.1-encoded current, has been previously identified as I Kur (Lo et al., 2005; Suzuki and Takimoto, 2004) . Notably, 2 min after exposure to ACO (10lM), the amplitude of I Kur measured at the end of the voltage pulses was greatly reduced at the potentials ranging from 0 to þ 60 mV. For example, when depolarizing pulses from À 50 to þ 30 mV were applied, ACO (10lM) significantly decreased the amplitude of I Kur measured at the end of the voltage pulses from 493 ± 67 to 25 ± 55 pA (n ¼ 9, P < 0.05). After washout of ACO, the amplitude of I Kur at þ 30 mV was partially recovered to 78 ± 58 pA (n ¼ 6).
The relationship between the concentration of ACO and the percentage inhibition of I Kur was determined. In these experiments, each cell was depolarized from À 50 to þ 50 mV with a duration of 1 s. Current amplitudes were measured at the end of depolarizing pulses. As illustrated in Figure 1C , ACO (0.1-10lM) suppressed the steady-state component of I Kur in a concentration-dependent manner. With the use of a nonlinear least-squares fit to the data, the half-maximal concentration (i.e., IC 50 ) required for the inhibitory effect of ACO on I Kur was calculated to be 1.4lM, and at a concentration of 10lM, it almost completely suppressed the steady-state component of I Kur . Thus, it is clear from our results that ACO can exert a significant action on the inhibition of I Kur in differentiated H9c2 cells.
Effects of ACO on Activation and Inactivation Time Constants of I Kur in H9c2 Cells
During exposure to ACO, in addition to the decreased amplitude of I Kur , the inactivation of I Kur in response to longlasting depolarization tended to be accelerated. The time constants of I Kur activation or inactivation in these cells were further analyzed. As depicted in Figure 2 , the time courses of current inactivation in the absence and presence of different concentrations of ACO can be well fitted by a singleexponential process. For example, when depolarizing pulse from À 50 to þ 50 mV was evoked with a duration of 1 s, application of ACO (3lM) significantly decreased the mean time constants of I Kur inactivation from 1017 ± 134 to 132 ± 45 ms (n ¼ 6, P < 0.05). Conversely, no significant change in activation time constant of I Kur during the exposure to ACO can be demonstrated (data not shown). Therefore, it appears that the exposure to ACO preferentially affects the inactivation time course of I Kur in H9c2 cells.
Steady-State Inactivation of I Kur during the Exposure to ACO
To characterize the inhibitory effect of ACO on I Kur , we next investigated voltage dependence of the effect of ACO on I Kur in H9c2 cells. Figure 3 shows the steady-state inactivation curve of I Kur in the presence of ACO (3lM). In these experiments, a 300-ms conditioning pulse to different potentials preceded the test pulse to þ 50 mV from a hold potential of À 50 mV. The relationships between the conditioning potentials and the 456 WANG ET AL. normalized amplitudes of I Kur were plotted and fitted by the Boltzmann equation. In the presence of ACO (3lM), voltage for half-maximal inactivation (V 1/2 ) and corresponding slope factor (k) are À 9.8 ± 0.3 and 6.1 ± 0.2 mV (n ¼ 8), respectively. Notably, in the presence of ACO (3lM), the membrane potential at which half-maximal inactivation occurred (V 1/2 ) was in the range of À 10 mV, a value that corresponds to the plateau level of cardiac AP.
Recovery from Block Induced by ACO in H9c2 Cells
Recovery from block was further determined by a two-step pulse protocol consisting of a first (conditioning) depolarizing pulse sufficiently long to allow block to reach a steady state. During exposure to ACO, the membrane potential was then stepped to þ 50 mV from À 50 mV for a variable time, after which a second depolarizing pulse (test pulse) was applied at the same potential as the conditioning pulse. The ratios of the peak current amplitudes of I Kur evoked in response to the test and the conditioning pulse were taken as a measure of recovery from block and then plotted versus interpulse interval (Figure 4) . The time course in the presence of 3 and 10lM ACO can be described by a single exponential with a time constant of 2.57 ± 0.22 s (n ¼ 5) and 4.13 ± 0.35 s (n ¼ 6), respectively. Thus, the results indicate that cell exposure to ACO can produce a prolongation of the recovery from inactivation of I Kur in H9c2 cells.
Effect of ACO on Averaged I-V Relations of I Kur in H9c2
Cells Treated with Ruthenium Red ACO was recently reported to disrupt intracellular Ca 2þ handling in heart cells (Fu et al., 2004) . We also evaluated whether decreased Ca 2þ release from internal stores can influence ACO-induced inhibition of I Kur in H9c2 cells. In these experiments, differentiated H9c2 cells were preincubated with ruthenium red (30lM) for 5 h. Ruthenium red, an inhibitor of ryanodine receptors, was previously shown to reverse ACO-induced changes in intracellular Ca 2þ . Our experimental results showed that in ruthenium red-treated cells, the inhibitory effect of ACO on I-V relation of I Kur was unaltered ( Figure 5 ). There was lack of significant difference in the magnitude of ACO-induced inhibition of I Kur between control cells and cells treated with ruthenium red. The results could be thus interpreted to mean that the inhibitory effect of ACO on this current in these cells is unrelated to its effects on Ca 2þ release from internal stores.
Inhibitory Effect of ACO on I Kur in Response to Simulated APs
Because the size and time course of I Kur in response to change in waveforms of cardiac APs were different from those during a rectangular voltage clamp pulse, the effects of ACO on I Kur elicited by simulated APs generated from a modeled rat ventricular myocyte (Bondarenko et al., 2004) were further investigated. In these experiments, simulated waveforms of cardiac APs were digitally generated as voltage templates and then replayed to evoke I Kur in H9c2 cells (Lo et al., 2001; Wu et al., 2007) . Because ion currents in response to simulated AP waveforms were sensitive to block by 1lM dendrotoxin, the results suggest that I Kur may be K þ flux through the K þ channel (Lo et al., 2005) . As shown in Figure 6 , whole-cell currents elicited by the AP waveforms were recorded from H9c2 cells. Capacitative and leakage currents were estimated using a full-amplitude negative-going AP waveform ( Figure 6 ) and subtracted from total current to yield the AP-evoked I Kur . Raw, leak, and capacitative currents in response to an AP waveform are illustrated in Figure 6B , and Figure 6C shows the subtracted I Kur trace. The data shown in Figure 6 are representative of results obtained in seven different other cells. Notably, the component of I Kur was coincident with the early repolarization of cardiac AP. As shown in Figure 7 , the amplitude of I Kur in response to simulated AP waveforms was significantly reduced when cells were exposed to ACO. For example, after application of 1lM ACO, the peak amplitude of outwards current elicited by simulated waveforms of cardiac AP was decreased by about 35%. Thus, in H9c2 cells, I Kur evoked during AP waveforms remains sensitive to block by ACO. The results led us to propose that ACO-induced inhibition of I Kur can influence AP configuration of rat cardiac myocytes, assuming that this current is functionally expressed in vivo.
Effect of ACO on APs of Cultured Neonatal Rat Ventricular Myocytes
The properties of I Kur in H9c2 cells may also be different from those functionally expressed in cardiac myocytes. Therefore, the effect of ACO in neonatal rat ventricular myocytes was further evaluated. In the first set of experiments, cells were bathed in normal Tyrode's solution containing 1.8mM CaCl 2 , and current-clamp configuration of the patchclamp technique was made. The typical effect of ACO on membrane potentials is illustrated in Figure 8A . The effect of ACO at a concentration of 3 or 10lM on cardiac APs was noted to consist of a significant prolongation of ventricular AP, along with appearance of early afterdepolarizations, as evidenced previously (Sawanobori et al., 1987) . For example, after 2 min of exposing the cells to ACO (10lM), APD 90 was greatly prolonged to 785 ± 121 ms from a control of 112 ± 12 ms (n ¼ 6, P < 0.01). However, in continued presence of ACO, further application of tetrodotoxin (1lM) was found to have no significant effects on ACO-induced increase of APD 90 ( Figure 8B ).
Whole-cell voltage clamp experiments were also applied in an attempt to investigate the properties of I Kur in these cells because ACO-induced prolongation of cardiac APs was insensitive to tetrodotoxin. Consistent with the results made in H9c2 cells, I Kur could be rapidly activated at depolarized potentials. The exposure to ACO (1 or 3lM) was found to block I Kur along with increased acceleration of current inactivation ( Figure 8C ). Similar results were obtained in five different cells.
Voltage-gated I Na in neonatal rat ventricular myocytes was further investigated. The results showed that tetrodotoxin (1lM) could significantly suppress the peak amplitude of I Na . However, ACO (3lM) also had an inhibitory effect on I Na (see Supplementary Information) . Therefore, ACO-induced changes of APs seen in neonatal rat ventricular myocytes could not be associated with activation of I Na as reported previously (Kunze et al., 1985; Wright, 2002) .
Multielectrode Array Recordings from the Slices of Neonatal
Rat Ventricular Tissues In a final series of experiments, we also examined if there are any changes in ventricular electrograms when neonatal ventricular tissue was exposed to ACO. Multielectrode recordings were performed to measure electrographic waveforms in neonatal rat ventricular slices (Huang et al., 2007) . The mean conduction velocity in spontaneously firing preparations is 31 ± 6 cm/s (n ¼ 5 slices). A representative trace regarding the effect of ACO on ventricular electrograms measured from multielectrode array recordings is illustrated in Figure 9 . ACO was found to increase firing frequency and prolong QTc interval significantly. About 5 min of exposing the tissue to ACO (10lM), the amplitude of R wave appeared to vary, along with increased firing of APs. Table 1 shows that exposure to ACO (10lM) resulted in a significant change in the parameters of electrograhic waveforms measured by multielectrode array recordings. However, subsequent application of tetrodotoxin (1lM) did not have any effects on ACO-induced changes in electrogram patterns (data not shown). Taken together, the results suggest that ACO-induced propensity to induce electrophysiological changes in neonatal rat ventricular tissue could be associated with its inhibition of I Kur .
DISCUSSION
In this study, cell exposure to ACO displayed concentration-, state-, and time-dependent interactions I Kur . Previous findings at our laboratory have shown that chromanol 293B, a block of the slowly activating K þ current, could alter activation kinetics of I Kur in H9c2 cells (Lo et al., 2005) . However, no significant changes in the initial time course of activation in the presence of ACO could be demonstrated, suggesting that ACO-induced block of I Kur mainly occurred after channel opening. Prior to channel activation, the ACO-binding site is likely to be either in a low-affinity state or inaccessible to the compound.
Application of ACO tends to produce an inactivation-like behavior as it decreases the inactivation time constant of I Kur in a concentration-dependent manner. In other words, currents that display only a weak and very slow interaction show a peak and rapid decrease to a new steady-state level in the presence of ACO. Based on our experimental data, a block of K þ channels in both open and open-inactivated states thus appears to be likely mechanism of ACO-induced inhibition of I Kur . However, intracellular dialysis with 30lM ACO did not affect amplitude and time course of I Kur , block by this compound of I Kur observed in H9c2 cells, or neonatal rat ventricular myocytes may primarily occur via an extracellular site.
In our study, recovery from I Kur inactivation in the presence of ACO was slow, as more than 10 s was required for the channel to recover completely. Consequently, ACO-induced block of I Kur is more likely to occur in association with high adrenergic tone because of the fact that under these conditions the availability of K þ channels is decreased as a function of firing frequency. In light of steady-state inactivation curve of I Kur obtained in the presence of ACO, the voltage for halfmaximal inactivation was noted to be in the range of the plateau level of cardiac AP. As a determinant of the AP plateau level, changes in I Kur (or I Kslow2 in mouse heart) tend to trigger significant alterations in ion flux through Na þ -or L-type Ca 2þ channels. It thus remains to be further explored whether block of I Kur , along with increased current inactivation, can prolong Previous work demonstrated that there appears to be a functional coupling between transient outward K þ current and L-type Ca 2þ current in cardiac myocytes (Wang et al., 2006) . Under our experimental conditions, major Ca 2þ channels in differentiated H9c2 myoblasts were blocked by 0.5mM CdCl 2 . As extracellular Ca 2þ was also removed for measurement of I Kur , there are little or no Ca 2þ ions permeating through Ca 2þ channels. The inhibitory effect of ACO on I Kur presented here is thus unlikely due to actions on Ca 2þ currents. In our studies, because differentiated H9c2 cells were not found to possess I Na , there is unlikely to be a functional association between I Na and I Kur . In addition, a lack of effect of pinacidil (30lM), a known opener of ATP-sensitive K þ channels , to reverse ACO-induced inhibition of I Kur in H9c2 cells (data not shown) excludes the possibility that the activity of ATP-sensitive K þ channels contributes to its inhibition of I Kur in these cells.
Our results may help to explain previous findings showing that ACO-containing extracts could increase the motility of prostate cancer cells and suppress the growth of hepatocarcinoma Bel-7402 cells or lung carcinoma cells (Chodoeva et al., 2005; Fraser et al., 2003; Solyanik et al., 2004; Yan et al., 2007) , given that those cancer cells did not functionally express the activity of voltage-gated Na þ channels. Notably, previous studies have demonstrated that the activity of Kv2 channels might influence proliferation of uterine cancer cells (Suzuki and Takimoto, 2004) .
Our results suggest that the ACO-sensitive I Kur may be carried primarily by Kv2.1 channels. Dysfunction of Kv2.1 channels in mouse ventricular myocytes has been shown to have AP prolongation along with both spontaneous and inducible arrhythmias (Xu et al., 1999) . There is also a strong overlap among Drosophila Shab, rat Kv2.1 and human Kv2.1 channels from molecular, pharmacological, and physiological points of view (Ju et al., 2003) . Although recent reports demonstrated the expression of Kv2.1 messenger RNA in the human heart (Ö rdög et al., 2006) , no functional Kv2.1 currents have ever been detected. However, ACO may also affect the magnitude of Kv3 current as described in neuroblastoma cells (Lin et al., 2008) . Taken together, it is tempting to speculate that ACO actions on I Kur are the likely cardiac implications in humans. Our experimental results also make a case for examining if the mechanistic direction described here for the effects of ACO has pharmacological and clinical relevance in humans.
The IC 50 value of ACO required for block of I Kur in differentiated H9c2 myoblasts was 1.4lM. This value could be of toxicological relevance as it is similar to that for its known effects on I Na . Thus, its effective concentration required for the inhibition of I Kur in H9c2 cells tends to overlap with that for activation of Na þ current (Wang and Wang, 2003; Wright, 2002) . Similar to tetrodotoxin, ACO exerted a depressant action on I Na in neonatal rat ventricular myocytes (see Supplementary Information). The exposure to ACO could also be effective in suppressing the amplitude of I Kur in response to simulated AP from a modeled rat ventricular myocyte. Therefore, to some extent, there appears to be a link between the effect of ACO on I Kur and its effects on APs or electrographic waveforms in neonatal rat ventricular tissue.
In our study, ACO-induced block of I Kur in ruthenium redtreated cells is virtually unchanged throughout the depolarizing pulses examined. In intracellular Ca 2þ measurements, application of ACO (30lM) alone produced no changes in intracellular Ca 2þ in differentiated H9c2 cells (data not shown). A previous work by Sah et al. (2003) has demonstrated that a decrease in repolarizing K þ currents might result in abnormal intracellular Ca 2þ homeostasis. Therefore, ACO-induced impairment of intracellular Ca 2þ handling reported in isolated cardiac myocytes tends to be secondarily due to its inhibitory actions on I Kur . However, we cannot exclude the possibility that ACO or other structurally related compounds are able to interact with accessory Kvb 1 subunits to induce block of I Kur , as Kvb 1 subunits have been reported to differentially modulate the expression of K þ channels in mouse ventricular myocytes (Aimond et al., 2005) .
Findings in this study reveal a new molecular mechanism underlying the effects of ACO that may operate in addition to its effects on Na þ channel. It remains to be investigated whether channels formed by homotetramers or heterooligomers of recombinant Kv2.1 are sensitive to ACO and other structurally related compounds. The nature of the interacting domains between the K þ channel and the ACO molecule requires to be further explored. Our data also raise the possibility of its effects on other types of cells that can functionally express Kv2 channels. Indeed, Kv2.1 channels play a role in several tissues, such as pancreas, pulmonary arteries, placental vasculature, and hippocampal and cortical pyramidal neurons (Misonou et al., 2004; Moudqil et al., 2006; Murakoshi and Trimmer, 1999; Park et al., 2006 ). An effect of ACO on Kv2.1 channels in these tissues could likely have an impact on the functioning of these tissues.
SUPPLEMENTARY DATA
Supplementary data are available online at http://toxsci. oxfordjournals.org/. The data were taken 2 min after exposure to 10lM ACO. Significantly different from controls (P < 0.05).
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